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Description

BACKGROUND OF THE INVENTION

This invention relates to a neutron detector formed from diamond.

It has been proposed to create a neutron detector which comprises a diamond crystal, a surface layer of
which is doped with 19B or another neutron-sensitive material. Such a device is described in United States pa-
tent no. 3,805,078 to Koslov. However, the device described in this patent specification is relatively complex,
and only a relatively small portion of the diamond crystal is actually sensitive to neutron radiation. It has also
been proposed to utilise a diamond sheet implanted with boron ions for detecting neutrons. A device of this
kind is described in an article by A E Luchanskii et al in Atomnaya Energiya, Vol 63, No. 2, pp 132-133, August,
1987. It has also been proposed by R J Keddy, T L Nam and R C Burns (Carbon, Vol 26, No. 3, pp 345-356,
1988) and by R J Keddy (Advances in Ultra-hard Materials Applications Technology, 1988, De Beers Industrial
Diamond Division (Proprietary) Limited) to use diamond crystals as neutron detectors.

Efforts continue to be made to increase the sensitivity of detectors to neutron radiation and to reduce their
sensitivity to other radiation, particularly y radiation.

SUMMARY OF THE INVENTION

According to the invention a neutron detector comprises a layer of polycrystalline diamond material de-
posited by a chemical vapour deposition (CVD) process, the diamond material containing '°B as a dopant.

The 9B concentration is preferably 1 000ppm or less.

The total boron concentration is preferably 5 000ppm or less.

The diamond layer may be deposited on a supporting substrate, or a free-standing diamond layer may be
formed by first depositing a diamond film on a substrate and then separating at least a portion of the diamond
layer from the substrate. Typically, part of the substrate is removed, leaving a supporting ring or strip attached
to the diamond layer.

Electrical contacts may be applied to the diamond layer to form a conduction mode detector, or the detector
may be used in a thermoluminescent mode.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic side view of a thermoluminescent mode neutron detector according to
the invention;

Figures 2a to 2d illustrate the formation of a first version of a conduction mode neutron detector ac-
cording to the invention;

Figures 3a to 3d illustrate the formation of a second version of a conduction mode neutron detector ac-
cording to the invention; and

Figure 4 illustrates a further embodiment of a conduction mode detector according to the in-
vention.

DESCRIPTION OF EMBODIMENTS

Boron doped diamond neutron detectors rely on the reaction 1°B(n,«)’Li, whereby a 19B atom which is
struck by a neutron captures the neutron and emits an alpha particle, and is converted to 7Li. The energy re-
quired to form an electron/hole pair in diamond is three times the band gap, that is, approximately 18 eV. Each
alpha particle released has 2,4 MeV energy. Therefore, for every alpha particle produced, approximately 105
electron/hole pairs are produced.

According to the present invention, a diamond neutron detector is formed utilising a chemical vapour de-
position (CVD) process, to form a thin diamond layer or film. During the CVD process, 19B is introduced into
the layer by introducing, for example, 19B,Hg into the CVD reaction vessel as a dopant gas. Other gases con-
taining 1°B can be used. The result is a thin diamond layer which is uniformly doped with 19B. This contrasts
with prior art detectors, comprising a relatively thick diamond crystal with a relatively thin doped layer.

It is desirable for the diamond film to be as thin as possible, to minimize the detection of y photons. The
thickness of the film is less than 50 um, and typically between 2 and 30um. This allows a high rate of collection
of alpha particles, but a low rate of y photon detection of less than 0,1% and typically 0,03%. Thus, the detector
discriminates well against y photons.

In an alternative version of the process, the diamond layer is deposited undoped, and is subsequently im-
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planted with 19B ions. The thinness of the layer ensures that the implantation is substantially uniform over the
depth (thickness) of the layer.

The diamond film can be free-standing or may be supported by a substrate. Firstly, it is possible to form
a free-standing or unsupported diamond film as described in European patent application no. 0400947. This
involves depositing a diamond film on a thin carbide layer, which has previously been deposited on a substrate.
The substrate and the carbide layer can subsequently be removed, leaving a free-standing film. The resultant
film can have electrical contacts applied to it, and has good resistivity characteristics of 0,1 kQm to 1 000 kOm.

Afree-standing diamond film as described above is not suitable for use as a thermoluminescent detector,
since it tends to curl up when heated to temperatures in the region of 500°C. To provide a thermoluminescent
detector, therefore, the diamond film is deposited on a supporting substrate which is not activated by neutron
or y radiation. For example, the substrate could be composed of graphite, silicon nitride, silicone carbide or
aluminium nitride. The substrate supports the diamond when it is heated. In the case of a thermoluminescent
detector, it is not important whether the substrate is insulating or conductive.

In the case of a conduction mode detector, the substrate must have sufficiently high resistivity, preferably
above 101%Qm, and electrical contacts are applied to the diamond layer. A conductive substrate can also be
used, provided that an insulating layer is used to insulate the diamond layer electrically from the substrate.
Such an insulating layer can be provided by forming a thin high-temperature polyimide layer (say, 50 um thick)
on the conductive substrate before depositing the diamond layer on the substrate. The polyimide layer can
comprise Kapton (trade mark). Alternatively, a ceramic layer (e.g. silicon carbide or silicon nitride) can be used
as an insulating layer.

The concentration of 1°B in the diamond film is preferably 1 000ppm or less. Together with the 1B will be
a relatively large percentage of 11B. Preferably, the total boron concentration will be 5 000ppm or less.

Diamond is well suited for use as a neutron detector, since it is resistant to neutron damage and will not
degrade rapidly in use. Diamond is also able to withstand relatively high temperatures, typically up to 500°C.
The final device is small and can be incorporated in other instrument probes, so that it is readily accommodated
in existing equipment.

Figure 1 illustrates a first version of a neutron detector according to the invention, which is used in a ther-
moluminescent mode. The detector comprises a ceramic substrate 10, typically comprising silicon nitride or
silicon carbide, on which a diamond film 12 is deposited by a CVD process. The diamond film can be doped
during the CVD process, or by subsequent ion implantation, as described above. The thickness of the ceramic
substrate 10 is typically from 0,2 to 1 mm, while the diamond layer 12 has a typical thickness of between 2
and 30 um. The detector is typically circular in plan with a diameter of from 1 to 10 mm. Prior to the deposition
of the diamond layer on the substrate, the substrate is ground flat so that it has surface irregularities of less
than 2 um. In some cases, it may be desirable to deposit the diamond layer 12 onto a substrate other than a
ceramic substrate, such as a polycrystalline diamond (PCD) layer, which facilitates growing of the diamond
layer on the substrate.

Figures 2a to 2d illustrate the formation of a conduction mode neutron detector according to the invention.
Similarly to the procedure described above, a polycrystalline diamond layer 12 is deposited on a supporting
substrate 10, as shown in Figure 2a. Next, as shown in Figure 2b, metallic contacts 14 and 16, comprising an
aluminium layer approximately 1 um thick, are deposited onto opposite ends of the diamond layer 12. As shown
in Figure 2c, fine metal conductors 18 and 20 are bonded to the contacts 14 and 16, to enable the detector to
be connected to a conventional electronic conduction mode measurement circuit. Figure 2d is a top view of
the detector shown in Figure 2c. The prototype detector is elongate, with a length of approximately 2 to 3 mm
and a width of approximately 1 mm.

Figures 3a to 3d illustrate a second version of a conduction mode neutron detector according to the in-
vention. In Figure 3a, a silicon substrate 22 is shown, with a layer of polycrystalline diamond 24 deposited there-
on by a CVD process. The silicon substrate 22 has a thickness of between 200 and 500 pm while the diamond
layer 24 has, once again, a thickness of between 2 and 30 um. As shown in Figure 3b, the central portion of
the substrate 22 is now removed, by masking end regions 22.1 and 22.2 of the substrate and etching away
the central portion of the substrate with buffered hydrofluoric acid. The result is that the diamond 24 is left
unsupported or free-standing in its central region. As shown in Figure 3¢, metal contacts (typically aluminium)
26 and 28 are now applied to the silicon end zones 22.1 and 22.2, and respective conductive leads 30 and 32
are bonded to the contacts 26 and 28. The leads may be of titanium, for example. Figure 3d shows a bottom
view of the finished detector, which has similar dimensions to the detector shown in Figure 2d.

In a variation of the procedure illustrated in Figures 2a to 2d, the diamond layer 12 can be deposited on
a thin single crystal of type la diamond rather than on a ceramic or PCD substrate. The type la diamond crystal
has an inferior electronic response, and does not interfere with the conduction mode operation of the detector.
In particular, the crystal shows no significant response to incident y radiation. However, the characteristics of

3



10

18

20

25

30

35

40

45

50

55

EP 0 479 625 B1

the CVD deposited diamond layer are improved due to epitaxial growth of the deposited diamond on the sup-
porting crystal. However, it should be understood that the type la crystal functions here only as a substrate,
and does not form part of the detector itself, electronically speaking.

A further version of a conduction mode detector is illustrated schematically in Figure 4. Here, a strip 34
of a high-temperature polyimide material such as Kapton (trade mark) or an insulating ceramic such as SiN
or SiC bridges two portions 36 and 38 of a conductive or semiconductive substrate. The substrate can comprise
silicon, for example, A diamond layer 40 is then deposited onto the strip 34 and the end portions 36 and 38,
as described above. This version of the detector has the advantage, compared with the version of Figures 2a
to 2d, that electrical contacts can be applied to the silicon end zones, rather than to the diamond layer itself.

Claims

1. A neutron detector characterised in that it comprises a layer of polycrystalline diamond material (12, 24,
40) deposited by a chemical vapour deposition process, the diamond material containing 1°B as a dopant.

2. Aneutron detector according to claim 1 characterised in that the 19B concentration in the diamond material
(12, 24, 40) is 1 000 ppm or less.

3. A neutron detector according to claim 1 or claim 2 characterised in that the total boron concentration is
5 000 ppm or less.

4. Aneutron detector according to any one of claims 1 to 3 characterised in that the layer of diamond material
(12, 24, 40) is doped by introducing a gas containing '°B into a chemical vapour deposition reaction vessel.

5. Aneutron detector according to claim 4 characterised in that the gas is 1°B,Hg.

6. Aneutron detector according to any one of claims 1 to 3 characterised in that the layer of diamond material
(12, 24, 40) is doped by ion implantation with 19B ions.

7. Aneutron detector according to any one of claims 1 to 6 characterised in that the layer of diamond material
(12, 24, 40) is less than 50 um thick.

8. A neutron detector according to claim 7 characterised in that the layer of diamond material (12, 24, 40)
is between 2 and 30 pum thick.

9. A neutron detector according to any one of claims 1 to 8 characterised in that the concentration of the
108 dopant is substantially uniform across the thickness of the layer of diamond material (12, 24, 40).

10. Aneutron detector according to any one of claims 1 to 9 characterised in that the detection rate of y photons
is 0,1% or less.

11. A neutron detector according to any one of claims 1 to 10 characterised in that the layer of diamond ma-
terial (12, 24, 40) is deposited on a supporting substrate (10, 22, 34) which is not activated by neutron or
y radiation.

12. Aneutron detector according to claim 11 characterised in that the substrate comprises a layer (10) of poly-
crystalline diamond material.

13. A neutron detector according to claim 11 characterised in that the substrate comprises a layer (10, 34) of
ceramic material.

14. Aneutron detector according to claim 11 characterised in that the substrate comprises a layer (22) of con-
ductive or semiconductive material with a layer of insulating material thereon.

15. A neutron detector according to claim 11 characterised in that at least a portion of the substrate (22) is
removed so that an adjacent portion of the layer of diamond material (24) is exposed.
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A neutron detector according to claim 14 characterised in that at least a pair of spaced apart portions of
the layer of diamond material (24) are in contact with the substrate (22), a central portion of the substrate
being removed so that the remaining substrate comprises at least a pair of separate substrate portions
(22.1, 22.2) each in contact with the respective spaced apart portions of the layer of diamond material.

A neutron detector according to claim 16 characterised in that the substrate (22) comprises silicon.

A neutron detector according to claim 16 or claim 17 characterised in that metallic contacts (26, 28) are
applied to the separate substrate portions (22.1, 22.2).

A neutron detector according to any one of claims 1 to 15 characterised in that spaced apart metallic con-
tacts (14, 16) are applied to the layer of diamond material (12, 24, 40).

Patentanspriiche

1.

10.

1.

12.

13.

Neutronendetektor, dadurch gekennzeichnet, dal er eine Schicht aus polykristallinem Diamantmaterial
(12, 24, 40) umfalt, die durch chemisches Aufdampfen (CVD) abgeschieden wird, wobei das Diamant-
material 19B als Dotierungsmittel enthalt.

Neutronendetektor gemaR Anspruch 1, dadurch gekennzeichnet, dal? die Konzentration an 19B in dem
Diamantmaterial (12, 24, 40) 1000 ppm oder weniger betrégt.

Neutronendetektor gemaR Anspruch 1 oder 2, dadurch gekennzeichnet, dall die gesamte Konzentration
an Bor 5000 ppm oder weniger betrégt.

Neutronendetektor gemaRk einem der Anspriiche 1 bis 3, dadurch gekennzeichnet, dal® die Schicht aus
Diamantmaterial (12, 24, 40) dotiert wird, indem man ein 1°B-haltiges Gas in ein Reaktionsgefal zum che-
mischen Aufdampfen (CVD) einfihrt.

Neutronendetektor gemal Anspruch 4, dadurch gekennzeichnet, da das Gas 1°B,Hg ist.

Neutronendetektor gemaRk einem der Anspriiche 1 bis 3, dadurch gekennzeichnet, dal® die Schicht aus
Diamantmaterial (12, 24, 40) durch lonenimplantation mit 19B-lonen dotiert wird.

Neutronendetektor gemaRk einem der Anspriiche 1 bis 6, dadurch gekennzeichnet, dal® die Schicht aus
Diamantmaterial (12, 24, 40) weniger als 50 pm dick ist.

Neutronendetektor gemaR Anspruch 7, dadurch gekennzeichnet, dal® die Schicht aus Diamantmaterial
(12, 24, 40) zwischen 2 und 30 um dick ist.

Neutronendetektor gemaR einem der Anspriiche 1 bis 8, dadurch gekennzeichnet, da die Konzentration
des Dotierungsmittels 9B auf der ganzen Dicke der Schicht aus Diamantmaterial (12, 24, 40) im wesent-
lichen gleichmaBig ist.

Neutronendetektor gemaR einem der Anspriiche 1 bis 9, dadurch gekennzeichnet, dal die Nachweisrate
fur y-Photonen 0,1% oder weniger betragt.

Neutronendetektor gemafR einem der Anspriiche 1 bis 10, dadurch gekennzeichnet, dall die Schicht aus
Diamantmaterial (12, 24, 40) auf einem Substrat (10, 22, 34) abgeschieden wird, das durch Neutronen-
oder y-Strahlung nicht aktiviert wird.

Neutronendetektor gemaR Anspruch 11, dadurch gekennzeichnet, daR das Substrat eine Schicht (10) aus
polykristallinem Diamantmaterial umfal3t.

Neutronendetektor gemal Anspruch 11, dadurch gekennzeichnet, daR das Substrat eine Schicht (10, 34)
aus keramischem Material umfalt.
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Neutronendetektor gemaR Anspruch 11, dadurch gekennzeichnet, daR das Substrat eine Schicht (22) aus
leitendem oder halbleitendem Material mit einer Schicht aus isolierendem Material darauf umfaft.

Neutronendetektor gemaR Anspruch 11, dadurch gekennzeichnet, dal wenigstens ein Teil des Substrats
(22) entfernt wurde, so daf® ein angrenzender Teil der Schicht aus Diamantmaterial (24) freiliegt.

Neutronendetektor gemaR Anspruch 14, dadurch gekennzeichnet, dal wenigstens ein Paar auseinander-
liegender Teile der Schicht aus Diamantmaterial (24) mit dem Substrat (22) in Kontakt steht, wobei ein
zentraler Teil des Substrats entfernt wurde, so dall das verbleibende Substrat wenigstens ein Paar ge-
trennter Substratteile (22.1, 22.2) umfaldt, die jeweils mit den entsprechenden auseinanderliegenden Tei-
len der Schicht aus Diamantmaterial in Kontakt stehen.

Neutronendetektor gemaR Anspruch 16, dadurch gekennzeichnet, dal das Substrat (22) Silicium umfaft.

Neutronendetektor gemaR Anspruch 16 oder 17, dadurch gekennzeichnet, daR auf die getrennten
Substratteile (22.1, 22.2) metallische Kontakte (26, 28) aufgetragen werden.

Neutronendetektor gemaR einem der Anspriiche 1 bis 15, dadurch gekennzeichnet, dal® auf die Schicht
aus Diamantmaterial (12, 24, 40) auseinanderliegende metallische Kontakte (14,16) aufgetragen werden.

Revendications

10.

1.

Détecteur de neutrons, caractérisé en ce qu’il comprend une couche de diamant polycristallin (12, 24, 40)
déposée par déposition en phase gazeuse par procédé chimique (CVD), le diamant contenant 1B comme
dopant.

Détecteur de neutrons selon la revendication 1, caractérisé en ce que la concentration de 19B dans le
diamant (12, 24, 40) est de 1000 ppm ou moins.

Détecteur de neutrons selon la revendication 1 ou la revendication 2, caractérisé en ce que la concen-
tration totale en bore est de 5000 ppm ou moins.

Détecteur de neutrons selon I'une quelconque des revendications 1 a 3, caractérisé en ce que la couche
de diamant (12, 24, 40) est dopée en introduisant un gaz contenant 9B dans un réacteur de dépét chi-
mique en phase vapeur.

Détecteur de neutrons selon la revendication 4, caractérisé en ce que le gaz est du '°B,Hg.

Détecteur de neutrons selon I'une quelconque des revendications 1 a 3, caractérisé en ce que la couche
de diamant (12, 24, 40) est dopée par implantation d’ions avec les ions 19B.

Détecteur de neutrons selon I'une quelconque des revendications 1 & 6, caractérisé en ce que la couche
de diamant (12, 24, 40) est inférieure a 50 um d’épaisseur.

Détecteur de neutrons selon la revendication 7, caractérisé en ce que la couche de diamant (12, 24, 40)
se situe entre 2 et 30 um d’épaisseur.

Détecteur de neutrons selon I'une quelconque des revendications 1 a 8, caractérisé en ce que la concen-
tration du dopant 1B est sensiblement uniforme sur I'épaisseur de la couche de diamant (12, 24, 40).

Détecteur de neutrons selon I'une quelconque des revendications 1 a 9, caractérisé en ce que la vitesse
de détection des photons y est de 0,1 % ou mains.

Détecteur de neutrons selon I'une quelconque des revendications 1 a 10, caractérisé en ce que la couche
de diamant (12, 24, 40) est déposée sur un substrat de support (10, 22, 34) qui n’est pas activé par la
radiation y ou par neutron.
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Détecteur de neutrons selon la revendication 11, caractérisé en ce que le substrat comprend une couche
(10) de diamant polycristallin.

Détecteur de neutrons selon la revendication 11, caractérisé en ce que le substrat comprend une couche
(10, 34) de céramique.

Détecteur de neutrons selon la revendication 11, caractérisé en ce que le substrat comprend une couche
(22) de matiére conductrice ou semi-conductrice avec une couche de matiére isolante par-dessus.

Détecteur de neutrons selon la revendication 11, caractérisé en ce qu’au moins une portion du substrat
(22) est enlevée de sorte qu’une portion contigué de la couche de diamant (24) est a nu.

Détecteur de neutrons selon la revendication 14, caractérisé en ce qu’au moins une paire de portions sé-
parées entre elles de la couche de diamant (24) est en contact avec le substrat (22), une portion centrale
du substrat étant enlevée de sorte que le substrat restant comprend au moins une paire de portions de
substrat séparées (22.1, 22.2), chacune en contact avec les portions respectives espacées entre elles
de la couche de diamant.

Détecteur de neutrons selon la revendication 16, caractérisé en ce que le substrat (22) comprend du si-
licium.

Détecteur de neutrons selon la revendication 16 ou la revendication 17, caractérisé en ce que les contacts
métalliques (26, 28) sont appliqués sur les portions de substrat séparées (22.1, 22.2).

Détecteur de neutrons selon I'une quelconque des revendications 1 a 15, caractérisé en ce que les
contacts métalliques espacés entre eux (14, 16) sont appliqués sur la couche de diamant (12, 24, 40).
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